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Abstract 
This report presents two hypotheses that aim to predict ductile failure due to void growth and due to shear. The former failure 
mechanism is predicted using measures of both the tridimensional stress level and plastic strain. The latter failure mechanism, 
which occurs along the shear lips, is predicted by the level of the maximum shear stress. Both hypotheses were verified by the 
stress and strain field analyses in front of the crack and scanning microscope observations of the fracture surfaces. A numerical 
3D elastic-plastic analysis was conducted assuming finite strains. The material used was Hardox-400 ultra-high-strength steel.  
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the Norwegian University of Science and Technology (NTNU), Department of 
Structural Engineering. 
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1. Introduction 
During the research program aiming at the Master Curve determination of the ultra-high strength steel Hardox 
400, specific fracture surfaces were observed in many broken specimens. Typical image of such a surface is shown 
in Fig.1. For most of the specimens, except the very thin ones (e.g.2mm) fracture took place in the central part of the 
specimen, while the shear lips formation took place after unloading, temperature tinting and reloading. In the central 
part of the specimens the scheme of fracture process was as follows: subcritical crack growth due to the void's 
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nucleation-growth and coalescence (extent of this process depended on the test temperature and specimen thickness) 
- cleavage crack jump - ductile crack extension due to void's mechanism - cleavage crack jump - .... 
 
 
Fig. 1. Force deflection curve, micro- and macro-image of the fracture surface; specimen thickness 12 mm, test temperature +20°C (Neimitz 
et al. 2013) 
 
The cleavage fracture mechanism was discussed in details in (Neimitz et al. 2013). The initial cleavage jump occurs 
when the opening stress is greater than the critical value over a distance greater than a critical length. This 
observation is in agreement with the local fracture criterion proposed by Neimitz et al. (2007), (2010) as an 
extension of the Ritchie-Knott-Rice (RKR) (Ritchie et al.1973) fracture criterion. During this research, the author 
conducted 3D elastic-plastic finite element analysis assuming finite strains. The area where the stresses are greater 
than the critical value is of a concave-convex lens cross-sectional shape; the area is located around the line where 
the opening stress assumes a maximum value and it is located at a certain distance from the crack tip. The numerical 
analysis and experimental results confirmed earlier observations (Neimitz et al. 2010) that the critical stress can be 
considered a material constant that is dependent on temperature. In addition, the critical distance is a material 
constant that does not depend on temperature. The measured and computed values of the critical stress and critical 
length for the Hardox-400 steel are shown in Table 1. 
 
        Table 1. Tensile and fracture properties of the Hardox 400 steel. 
Temperature  
[0C] 
Critical 
stress 
[MPa] 
Yield 
stress 
ߪ଴ [MPa] 
Ultimate 
tensile stress 
ߪ௨ [MPa] 
Critical stress/yield 
stress 
Critical distance 
[μm] 
20 3200 951 1150 3.39  
 
 
185 
0 3100 954 1145 3.27 
-10 3050 952 1148 3.2 
-20 3000 978 1181 3.07 
-50 2850 998 1197 2.85 
-80 2750 1021 1223 2.7 
-100 2600 1045 1245 2.5 
 
In this report, ductile mechanisms are discussed, and local ductile fracture criteria are proposed.  In all tested 
specimens at different temperatures two ductile fracture mechanisms were observed: void's mechanism (nucleation-
growth-coalescence) and shear along the crystallographic planes. Extent of these mechanisms depended on 
temperature, plastic strain and stress triaxiality. There are many sophisticated models, techniques and methods of 
experimental and numerical analyses that were presented during the last decade in the field of ductile fracture. There 
are mainly oriented towards Gurson (1977)-Needleman-Tvergaard (1984) or cohesive updated models, supported by 
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micromechanical analyses where the French school dominates (see review book by Besson et al. (2004) ). All these 
models require complex processes of calibration and validation of numerous parameters.  Review of all these papers 
is not possible in such a short research report. In this paper simple tools are used to explain experimental 
observations of the specific fracture surfaces of the high-strength steel. 
 
2. Ductile fracture according to the void's mechanism and shear 
   
There is no clear consensus in the literature as to whether void nucleation is a stress- or strain-controlled 
phenomenon. In our research, we observed that cavities were formed in a zone of large accumulated plastic strains 
next to the crack front. In this zone, hydrostatic stresses decrease towards the crack tip. However, it will be shown 
later that both factors combined, normal stress components and plastic strains are important in the process of void 
nucleation and growth.  
Stress triaxiality plays a more important role in micro-defect nucleation; however, when plastic strains are not 
sufficiently large, the micro-defects may become a growing micro-crack. In turn, when accumulated plastic strains 
are large and the triaxiality of the stress field is still substantial, the voids grow according to the plastic deformation 
of a matrix. Ductile fracture is different in the central zone of the specimen and near the specimen surfaces. One of 
the reasons is the orientation of the maximum shear stress plane. Near the front of the crack, these planes are 
inclined to the crack plane by 45 degrees. In this zone, the ߪଵଵ normal stress tensor component is the smallest one 
while ߪଶଶ is the largest (x1 axis is perpendicular to the crack front, x2 axis is normal to the crack surface, and x3 axis 
is parallel to the crack front). This zone is largest in the central part of the specimen (Fig. 2b). Generally, ductile 
stable fracture occurs in this zone along a weaving path due to the orientation of the maximum shear stress plane. In 
the domain to the right of the intersection point (Fig. 2a), the smallest normal stress component is ߪଷଷǢ thus, the 
maximum shear stress plane is inclined by 45 degrees to the maximum principal stress and external specimen 
surfaces. Therefore, shear lips may be formed.  
 
  
Fig. 2a. Normal stress tensor components; temp.-50°C, specimen 
thickness 12 mm 
Fig.2b. Location of maximum opening stress and line where 
ߪଵଵ ൌ ߪଷଷ 
 
The numerical analysis was performed using a classical model that is commonly used for stationary cracks 
in elastic–plastic hardening materials. The analysis was performed for a blunted crack that was modeled as a quarter 
circle. The radius of the crack tip was consistently made as small as possible and depended on the extent of the 
plastic deformation in each case. This value was significantly smaller than 3δT, where δT is the crack tip opening 
displacement. The maximum value of this radius was 10 micrometers. 
The three-dimensional computations were performed using ADINA SYSTEM 8.9. Due to the symmetry, only a 
quarter of the specimen was modeled. The mesh consisted of ten layers of finite elements (through half of the 
thickness of the specimen). The layer interfaces were located at 2x3/B=0, 0.170, 0.318, 0.448, 0.562, 0.661, 0.748, 
0.824, 0.890, 0.950, and 1.00 for each specimen thickness. It should be noted that the layers became thinner as the 
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free surface was approached. The finite element mesh was filled with twenty-node three-dimensional elements. The 
finite element size in the radial direction decreased towards the crack tip. In the FEM simulation, the deformation 
theory of plasticity and Huber-von Mises (HvM) yield criterion were used. The model used the true stress–strain 
curves experimentally recorded for each temperature, including the Lüders plateau. Additionally, finite strains were 
assumed. Because of finite strains and blunted crack tip the normal stress tensor components are decreasing towards 
the crack tip after reaching the maximum at certain distance from the crack tip (Fig,2).  
Several measures of the stress triaxialitiy were tested. Distributions of two of them: Guo's Tz parameter (Guo 
(1993)) and ߪ௠ ߪ଴Τ  where σm is hydrostatic stress are shown in Fig.3. 
 
  
Fig. 3a. Tz parameter distribution in front of the crack; specimen 
thickness 12 mm, test temperature +20°C 
Fig. 3b. Distribution of the 3D parameter ߪ௠ ߪ଴Τ  in front of the crack; 
specimen thickness 2 mm, test temperature +20°C 
 
In the analysis to follow the second one will be used.  Using the results reported by Rice and Tracy (1969) it is 
postulated that voids start to grow from micro-voids that nucleate around large foreign particles when the 
parameter A (Eq. 2) assumes the critical value AC. 
 
ܣ ൌ ߝ௣௟݁ݔ݌ ൬
ߪ௠
ߪ଴ ൰ 
(1) 
 
where ߝ௣௟ is an accumulated effective plastic strain computed numerically in front of the crack using finite strain 
assumption, and σ0 is the yield strength measured at the fracture test temperature. The yield strengths of the Hardox-
400 steel used in the study are listed for a range of temperatures in Table 1. Based on (McClintock, 1968) and (Rice 
and Tracy, 1969), the 3D void growth parameter A may be assumed to be proportional to an average void diameter 
at the actual stage of the void evolution. 
In Fig. 4a, the distribution of the 3D - A parameter is shown at three different stages in the specimen loading 
history. The curves were recorded at the specimen axis. The lowest curve is for the presumed crack growth initiation 
moment. At a distance equal to approximately one grain size (15 μm), the A- parameter is equal to three. After the 
observation of several fracture processes at different temperatures and for different thicknesses, it was assumed that 
the AC parameter measured at a distance equal to the average grain size is close to three for the tested Hardox-400 
steel. The highest of the three curves was recorded at the onset of the cleavage crack jump. At this instance, the A-
parameter reaches a value equal to three at a distance of 110 μm from the crack front. At the onset of the cleavage 
jump, the domain covered by caverns in the central part of the specimen is more than 100 μm long. At a distance of 
110 μm from the crack front, the ratio ఙ೘ఙబ  is high; it is greater than 2. However, this ratio reaches a maximum at the 
point where the opening stress assumes the maximum value and where the cleavage micro-crack nucleates and 
grows to a meso-crack (Neimitz et al. 2007). At this distance, the A-parameter is small, which indicates that the 
274   Andrzej Neimitz /  Procedia Materials Science  3 ( 2014 )  270 – 275 
voids may be nucleated but cannot grow when the stress triaxiality is high but the accumulated effective plastic 
strain is small. When the cleavage crack nucleation occurs, the plastic strains do not have to be large; however, they 
must support the nucleation of voids around large foreign particles. During the loading process the stress maximum 
moves away from the crack tip and plastic strains increase around the nucleated microcracks. Now the voids can 
grow. 
 
 
 
 
Fig. 4. Distribution of the A-parameter in front of the crack; specimen 
thickness 12 mm, test temperature +20°C 
Fig. 5. The image of the shear lips; specimen thickness 4 mm, test 
temp. -20°C. Only occasional voids around large inclusions. A<3 
 
Similar observations were made also for other temperatures and specimen thicknesses. When the A-parameter 
was smaller than 3 and the opening stress component was smaller than critical value over the required distance the 
fracture can still take place provided the shear stress is sufficiently large. Such situation is shown in Fig.5.  
 
 
 
 
Fig. 6. Dimples along the shear lips (see Fig. 7b) Fig.7. The A-parameter distribution at different distances from the crack 
axis; spec. thick. 4 mm, test temp. 0°C 
 
It is postulated that shear lips can be formed when the maximum shear stress is greater than the critical shear 
stress, which is characteristic for specific tested materials and temperatures. It is postulated that the critical shear 
stress is equal to ߬஼ ൌ ఙೠξଷ, where ߪ௨ is the ultimate tensile stress (Table 1). This assumption is an extension of the 
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HvM yield hypothesis, and instead of ݇ ൌ ఙబξଷ, we have݇஼ ൌ ߬஼ ൌ
ఙೠ
ξଷ. This postulate was verified for all tested 
thicknesses and temperatures for the Hardox 600 steel.  When the A-parameter is greater than 3 and the maximum 
shear stress is greater than kC both mechanisms: void formation and shear along the shear leaps can take place (Figs 
5 -8 ). More examples and results will be shown during the presentation. 
 
 
 
 
 
 
 
Fig.8a. The maximum shear stress distribution in front of the crack at 
various distances from the specimen axis; specimen thickness 4 mm, 
test temp. 0°C  
Fig.8b. Fracture surface image; specimen thickness 4 mm, test temp. 
0°C 
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